INTRODUCTION 65
Source separation, in which urine and feces are separated at the toilet, has recently emerged as a 66 potential alternative to conventional wastewater management, in which all wastewater is 67 combined and treated together. 1 Separately collecting and treating distinct waste streams could 68 allow for more optimal approaches to recover embedded resources, 2 and reduce energy and 69 financial costs for wastewater treatment.
3,4 Conventional biological treatment removes nitrogen 70 as dinitrogen gas (N 2 ); this process simply reverses energy-intensive fertilizer production via the 71
Haber-Bosch process, from which most of the wastewater nitrogen was derived. 5 Recovering 72 reduced nitrogen directly from wastewater closes the loop between fertilizer production and 73 wastewater treatment more efficiently than using N 2 as an intermediate. Urine has emerged as a 74 waste stream of increasing interest because it comprises only 1% of wastewater volume but 75 contains the majority of excreted macronutrients. 1 Furthermore, nitrogen-based fertilizers and 76 disinfectants could potentially be a revenue source; 6,7 this creation of valuable products 77 distinguishes recovery from removal. 78 79 Source separation could potentially be integrated into existing centralized wastewater 80 infrastructure to reduce nutrient loads on wastewater treatment plants. 8 For example, as San 81
Francisco and Paris are facing potential large capital investments to remove nitrogen from 82 wastewater to reduce eutrophication in receiving waters, 9,10 source separation and resource 83 recovery technologies are being considered.
11 Source separation could also be used to reduce 84 nitrogen loads from on-site sanitation due to failing septic systems, 4 and in urban areas that lack 85 formal infrastructure, such as the decentralized approaches being pursued by Sanergy in low-86 income, high-density settlements in Nairobi, Kenya 12 and the Valorization of Urine Nutrients 87 4 (VUNA) project in Durban, South Africa. 13 To inform the choice between source 88 separation/resource recovery and current wastewater management approaches, technologies that 89 enable the new paradigm must be further developed and more rigorously characterized. 90
91
Ion exchange is a promising technology for nitrogen recovery from source-separated urine. 92
During urine storage, urea is hydrolyzed to ammonium (NH 4 + ), 14 which can adsorb onto 93 materials with negatively charged sites. Although cation exchange has been studied for removing 94 NH 4 + from NH 4 Cl solutions, 15 drinking water, 16 and landfill leachate 17 at concentrations less than 95 800 mg N/L, it has only been preliminarily documented for urine treatment, which has NH 4 + 96 concentrations of around 5000 mg N/L. 18 Multiple studies have examined sorption of phosphate 97 and pharmaceuticals from synthetic urine by anion exchange resins. 19, 20 Cation exchange 98 adsorbents could also be used for potassium recovery. Suitable adsorbents can be selected and 99 combined to remove the resources or pollutants of interest. As a physicochemical process, 100 sorption may be more stable than biological nitrogen removal. Because the required adsorbent 101 mass and reactor size are proportional to the mass of compound removed, sorption can be 102 applied at varying scales. Sorption's selective, stable, and scalable nature make it a promising 103 option for resource recovery from urine. To our knowledge, this investigation is the first to compare the feasibility of a diverse set of ion 106 exchange adsorbents for cation recovery from source-separated urine. Four ion exchange 107 adsorbents were tested: clinoptilolite, biochar, Dowex 50, and Dowex Mac 3. Clinoptilolite is 108 extremely abundant, naturally-occurring, and has been documented for removing ammonium 109 from drinking water, 22 wastewater, 22,23 and, preliminarily, source-separated urine. 24 Biochar is 110 5 already being used as a soil conditioner for nutrient and moisture retention and can be produced 111 economically from a variety of feedstocks. 25, 26 One such feedstock is feces, which could make 112 possible a scheme in which feces-based biochar is used to recover ammonium from separately 113 collected urine. Dowex 50 is a standard synthetic cation exchange resin, and Dowex Mac 3 is 114 another synthetic cation resin with purported ammonium specificity, 27 suggesting it may be 115 particularly suited to ammonium recovery from source-separated urine. 116
117
In this study, factors affecting ammonium adsorption were explored in solutions of increasing 118 complexity: pure salt, synthetic urine, and real urine. Experiments were designed to measure two 119 major determinants of feasibility: adsorption capacity and regeneration potential. Adsorption 120 capacity describes how much nitrogen can be captured each sorption cycle per mass of adsorbent 121 (before regeneration) and can be used to determine minimum reactor size. Regeneration potential 122 influences adsorbent lifetime, and therefore how much urine the adsorbent can treat before 123 replacement. The specific objectives of this study were to: (i) characterize adsorption in ideal 124 solutions with respect to the Langmuir parameters maximum adsorption density, q max , and 125 ammonium-specific cation exchange resin produced from a polyacrylic matrix and added 148 carboxylate moieties. 27 For further information on adsorbents see Table S1 . 149 150
Solution Types 151
To examine the factors and mechanisms affecting adsorption in urine, four solutions were used, 152 ranging from ideal to real: (i) NH 4 Cl without pH adjustment; (ii) NH 4 Cl at pH 9; (iii) synthetic 153 stored urine (pH ~ 9); and (iv) real stored urine (pH ~ 9). Because NH 4 + is a weak acid (pK a 154 9.25) 30 , the pH of the 9000 mg N/L NH 4 Cl solution without adjustment was 4.72. For ease of 155 reference, we call these "pH 4 experiments." The effect of pH on ammonium adsorption was 156 7 elucidated by comparison with pH 9 NH 4 Cl, which is closer to the pH of stored urine and the 157 NH 4 + /NH 3 pK a . Synthetic stored urine was used to observe the effect of competition on 158 ammonium adsorption by other cations, such as Na + and K + . We used an existing synthetic urine 159 recipe based on real urine concentrations (Table S2) . 31 Organic acids are the primary organic 160 constituent of urine; 31 acetic acid is used in synthetic urine to represent organic acids. Finally, 161 real source-separated urine from NoMix toilets and waterless urinals was used. 7 The real urine 162 was from the men's collection tank of the Swiss Federal Institute of Aquatic Sciences and 163
Technology's (Eawag) main building Forum Chriesbach (composition in Table S3 ). Given the 164 extended storage time, urea was completely hydrolyzed to ammonia/ammonium and magnesium 165 and calcium concentrations were negligible due to struvite and hydroxyapatite precipitation. 32 In 166 addition to the four solution types above, NaCl and KCl solutions were also prepared without pH 167 adjustment. These results served as inputs for competitive adsorption models to which synthetic 168 urine results were compared. All experiments were conducted at room temperature (23 ± 2 °C) 169 with nanopure water and analytical grade chemicals. 170 171
Batch Adsorption Experiments 172
Batch adsorption experiments were conducted by adding 0.015 g adsorbent to 1. (2) 219 we used a non-linear regression to determine maximum adsorption density and affinity constants 232 with ISOFIT (Isotherm Fitting Tool). 
Statistical Analysis 272
Best-fit Langmuir parameters (q max and K ads ) determined from non-linear regression were 273 compared for each pair of adsorbents with a one-way ANOVA and paired t-tests. A similar 274 analysis was performed to compare solutions (pure salt, synthetic urine, and real urine). The 275 single-solute Langmuir isotherm was applied to all solutions for consistency in the statistical 276 analysis (Table S6) . Although both q max and K ads were compared for each isotherm, only q max 277 was reported because it was a more conservative indicator of significant differences and was 278 more relevant to high ammonium concentrations in urine. Ammonium adsorption densities in 279 experimental triplicates with undiluted real urine for each adsorbent were also compared with a 280 one-way ANOVA and paired t-tests. 281 282
RESULTS AND DISCUSSION 283

Comparison of Adsorbents at pH 4 284
Based on experiments with NH 4 Cl at pH 4, the four adsorbents exhibited different adsorption 285 capacities ( Figure 1a) ; however, the best-fit maximum adsorption densities were not statistically 286 different (p > 0.05). More variability was observed at high concentrations because of high 287 dilution factors (e.g., 1:1000 for highest concentrations); they were accepted because of the 288 redundancy present with sixteen points per adsorption curve. The Langmuir model was used 289 because we expected a finite number of identical adsorption sites for zeolite and the synthetic 290 13 resins and previous studies reported it had the best fit for the adsorbents tested.
15,23,26,40 Best-fit 291 maximum adsorption densities and affinity constants are summarized in Table S4 and Figure S2 . 292 A similar analysis was performed for NaCl and KCl to determine Langmuir parameters for later 293 use in the competitive adsorption model ( Figure S3) . 294 295 Overall, the adsorption capacities and affinity constants for pH 4 NH 4 Cl from this study were 296 higher than those in literature (Table S1, Table S4 adsorbents, variation could be due to operation at much higher concentrations that show more of 300 the adsorption curve and the use of non-linear regression for fitting (q max values determined by 301 linearization of the Langmuir isotherm were lower; data not shown). Note that the estimate for 302 the maximum ammonium adsorption capacity for Dowex Mac 3 was significantly higher than 303 the highest value measured directly, which is one limitation of using best-fit parameters to 304 compare isotherms. 305 306
Effect of pH on Ammonium Adsorption 307
Adsorption results for the pH 9 NH 4 Cl solutions are presented in Figure 1b . Although the 308 adsorption densities were higher for the synthetic resins than the natural adsorbents, there were 309 no statistically significant differences between adsorbents due to the high variability observed. 310
Ammonium adsorption isotherms at pH 4 and pH 9 were also not significantly different for any 311 adsorbent, but several observations can be made about the effects of pH on adsorption sites and 312 ammonia speciation. Cation adsorption sites are most effective when negatively charged, which 313 14 occurs when solution pH exceeds the surface point of zero charge. This effect was especially 314 apparent for Dowex Mac 3, which has a reported pKa of 5 (Table S1) , which is between the two 315 pH values tested for NH 4 Cl solutions. In the pH 4 solutions, substantially fewer sites were 316 deprotonated than in the pH 9 solutions. Accordingly, fewer sites were available for ammonium 317 adsorption and lower adsorption densities were observed, especially at low equilibrium activities. 318 Similar trends have been reported for clinoptilolite. The solution pH also impacted NH 4 + adsorption by affecting ammonia speciation. Given the 321 proximity of the pH in pH 9 NH 4 Cl, synthetic urine, and real urine experiments to the NH 3 / NH 4 + 322 pK a (9.25), up to 35% of total ammonia was present as NH 3 . Because NH 3 is uncharged and thus 323 does not participate in cation exchange, we expected the adsorption density to be lower for the 324 pH 9 solutions than the pH 4 solutions. Although this was the trend for the natural adsorbents, it 325 was not the case for the synthetic resins. One possible reason for the difference is that natural 326 adsorbents have more heterogeneous adsorption sites and initial adsorbates and therefore more 327 complex pH effects ( Figure S4) . 328
329
In interpreting the pH results, it is important to note that the final pH of the solutions, after 330 adsorption equilibrium was established, was different in some cases than the initial solution pH; 331 the equilibrium pH values of the highest concentrations tested for each solution are shown in 332 Figure S5 . The equilibrium pH was affected by two competing phenomena. The first was 333 sorption of NH 4 + , which removes it from solution and shifts the NH 3 / NH 4 + equilibrium, causing 334 protonation of some NH 3 and increasing solution pH. The second was desorption of protons due 335 to exchange with other cations, which decreases solution pH. For the pH 4 solutions, the solution 336 15 pH decreased after equilibrating with the synthetic resins, indicating that desorption of protons 337 was the dominant effect. With natural adsorbents exposed to pH 4 solutions, the pH increased, 338 indicating that NH 3 / NH 4 + equilibrium dominated. In addition, natural adsorbents were initially 339 loaded with a mixture of protons and other cations, leading to relatively fewer H + desorbing. 340
Batch experiments with sulfuric acid confirmed this phenomenon, as Na + , K + , and Ca 2+ ions 341 desorbed from natural adsorbents but not from synthetic resins ( Figure S4 ). At pH 9, the NH 3 / 342 NH 4 + pair buffered the pH and only small pH changes were observed ( Figure S5 ). Synthetic 343 urine and real urine pH values also increased (slightly) for natural adsorbents and decreased for 344 synthetic resins ( Figure S5) . 345 346
Effect of Competition on Ammonium Adsorption 347
The effect of competition was investigated by performing adsorption experiments in synthetic 348 urine, in which Na + and K + competed with NH 4 + for adsorption sites (Figure 2) . Again, the 349 synthetic resins adsorbed more ammonium per gram than the natural adsorbents. In particular, 350 the maximum adsorption density (q max from best-fit single-solute Langmuir isotherm) of Dowex 351 3, the Langmuir-Freundlich model had the lowest SSE and best overall fit to synthetic urine data 361 (Table S7) , although it overestimated adsorption for clinoptilolite and Dowex 3 at low 362 equilibrium activities ( Figure S6 ). It is not surprising that the Langmuir-Freundlich model was 363 superior because the parameters q max and n (Equation 7) were determined by fitting to the 364 synthetic urine data (using nonlinear regression), whereas the Jain-Snoeyink and competitive 365 models were based exclusively on the q max and K ads parameters determined from single-solute 366
Langmuir fits. For biochar, competitive Langmuir was the best fit overall (Table S7) Table S4 ). 373
374
The fact that the competitive Langmuir model predicted lower adsorption densities in synthetic 375 urine than were measured could be due to overestimating the impact of competitor cations or 376 because other constituents in the synthetic urine increased adsorption (such as acetate; see 377 section 3.5). Single solute ammonium adsorption densities, which isolate the former effect, were 378 higher than competitive Langmuir models for clinoptilolite (38%), biochar (64%), Dowex 50 379 (75%), and Dowex Mac 3 (18%). Larger differences between competitive and single-solute 380 models may indicate less homogeneous sites and thus more selectivity for ammonium. Even if 381 adsorption sites are identical, access to them may vary based on macroscopic pore size 382 distributions. Hydrated ionic radius is one proxy for access to adsorption sites; 42 ammonium and 383 potassium ions have smaller radii than sodium ions, 43 allowing the former species to diffuse 384 through smaller pores and access more exchange sites. However, the q max values for NH 4 + and 385
Na
+ from single-solute experiments were similar (Table S4 ), suggesting that differences in 386 hydrated ionic radius did not completely explain differential adsorption of cations. 387 388
Adsorption in Real Urine 389
The isotherm trends observed in synthetic urine adsorption were similar to those in real urine 390 + adsorption density than all other adsorbents (p<0.001 for clinoptilolite 398 and biochar; p<0.05 for Dowex 50). Together, these results support the conclusion that Dowex 399 Mac 3 exhibited a higher adsorption density than clinoptilolite, biochar, and Dowex 50. Given its 400 manufactured nature, Dowex Mac 3 was expected to have a higher maximum adsorption density 401 than the heterogeneous natural adsorbents; it was also expected to have a higher maximum 402 adsorption density than Dowex 50 because of its aliphatic resin structure and macropores, which 403 have more surface area available for adsorption than the polystyrene backbone of Dowex 50 404 (Table S1) . 405
406
The three competitive models from synthetic urine isotherms were also applied to adsorption in 407 undiluted real urine (Table S8 ). The Jain-Snoeyink model was best for predicting adsorption 408 densities in real urine. The main reason is because the adsorption density in real urine was lower 409 than that measured in synthetic urine at similar equilibrium activity levels (even though the 410 differences were not statistically significant; see next section). Thus, the Langmuir-Freundlich 411 overestimated adsorption density in undiluted real urine. 412
413
To provide more insight into the differential adsorption of competitor cations (Figure 3b ), the 414 adsorption isotherms for NH 4 + , Na + , and K + in real urine on Dowex Mac 3 are shown in Figure  415 4a. As expected given its sixfold (relative to Na + ) or tenfold (relative to K + ) higher molar 416 concentration in urine, ammonium occupied the majority of available sites. Preferential 417 adsorption of NH 4 + was also observed, as seen by the higher adsorption density of ammonium 418 compared to the other cations at the same equilibrium activity. Similar trends were observed for 419 the other adsorbents, even though they are not reported to have higher affinities for ammonium. 420
421
To confirm that ion exchange was the primary sorption mechanism in real urine, the 422 characteristic free energy of adsorption in undiluted real urine was determined using the 423 Dubinin-Radushkevich isotherm. The free energy of adsorption for every adsorbent was in the 424 ion exchange range (>8 kJ/mol), 36 indicating that ion exchange was a more significant factor 425 than van der Waals interactions ( Figure S7) . 426 427
Comparison of Solutions 428
For all adsorbents, there were no statistically significant differences between ammonium 429 adsorption curves in different solutions (Figure 3b , Dowex Mac 3; all other resins, Figure S8 , 430 p>0.05). Given the higher ionic strength in urine compared to NH 4 Cl, we expected less 431 adsorption in real and synthetic urine than the pure salt solutions due to charge screening. 44 
432
However, NH 4 + adsorption densities in urine solutions were not significantly different than in 433 pure salt solutions when plotted relative to both equilibrium concentration and equilibrium 434 activity, which accounts for ionic strength differences ( Figure S9 In addition to ionic strength, the presence of organics may also affect ammonium adsorption. 440
Organics have been documented to lead to higher NH 4 + uptake by ion exchange materials due to 441 a reduction in surface tension that increases access to macroporous sites. 23 In our experiments, 442 synthetic urine contained only acetic acid whereas real urine is known to contain acetic acid as 443 well as amino acids; organic acids have been shown to decrease the surface tension of water.
46,47 444
Jorgensen and Weatherley also determined that the enhancement of ammonium adsorption was 445 not as large at higher adsorption densities, 23 which is the same trend observed when comparing 446 synthetic and real urine with pure salt solutions. Thus, organic compounds present in synthetic 447 and real urine but absent in pure salt solutions may enhance adsorption density for macroporous 448 sites. Real and synthetic urine adsorption curves were not significantly different (p>0.05), 449 indicating that synthetic urine was a sufficient proxy and that the more heterogeneous mixture of 450 organics in real urine did not significantly affect ammonium adsorption. 451 20 452
Continuous Flow Adsorption 453
While batch experiments were useful for characterizing adsorption isotherms, nutrient recovery 454 from urine using ion exchange would most likely be implemented in continuous-flow column 455 configuration. To complement the batch data, breakthrough curves in continuous-flow columns 456 were generated to compare adsorbents (Figure 5a ). In control columns with no resin, NH 4 + and 457
Cl
-mass balances were within 5% ( Figure S10 ). Calculated adsorption densities were 1.91 mmol 458 N/g for biochar, 2.00 for clinoptilolite, 2.74 for Dowex 50, and 4.23 for Dowex Mac 3. 459
These results are similar to batch results (e.g. , Fig 3b) , confirming that Dowex Mac 3 had the 460 highest adsorption capacity. Importantly, the ammonia concentrations measured during column 461 experiments were less variable than those measured during batch experiments. Possible reasons 462 include the use of lower dilution factors (e.g., note that less variability is observed for the lowest 463 concentrations, similar to the batch experiments) and the potential for more ammonia 464 volatilization to occur during the 24-h batch tests. 465 466
Regeneration 467
Column regeneration was performed for one cycle as a proof-of-concept and regeneration 468 efficiencies were calculated for each adsorbent. The synthetic resins both showed almost 100% 469 regeneration (Dowex 50 95%, Dowex Mac 3 99%). Clinoptilolite had a regeneration efficiency 470 of 43%, indicating that not all ammonium was eluted; biochar had a regeneration over 100%, 471 indicating elution of initially loaded ammonium or biochar decomposition. These natural 472 adsorbents may still be promising for direct application as a solid fertilizer. . 50 We are currently investigating other regenerants (e.g., HCl, HNO 3 ) over many 492 regeneration cycles to more conclusively evaluate long-term regeneration potential and costs. 493
With 100% regeneration efficiency, material costs are at or below the cost of biological nitrogen 494 removal if Dowex Mac 3 is used as few as ten times; the natural adsorbents used only once still 495 have a lower material cost than conventional nitrogen removal. In addition, we expect nitrogen 496 recovery to have additional benefits compared to removal, including revenue generated from 497 22 value-added products like fertilizer. The same data in Figure 5b can also be calculated per liter of 498 urine using Equation 9 ( Figure S11) . 499 500 Reactor volume will also impact process costs and feasibility. To treat the urine produced by a 501 family of four over one week, the reactor volume required for Dowex Mac 3 was the lowest (5.3 502 L), followed by Dowex 50 (5.8 L), clinoptilolite (8.9 L), and biochar (19 L)( Figure S12) . 503
Biochar required a much larger reactor volume because of its markedly lower bulk density 504 (Table S5) . 505
506
This analysis illustrates that the adsorbent costs and reactor volumes may be feasible and that 507 further analysis of the potential for ion exchange adsorbents is warranted. Multicomponent 508 models like the Jain-Snoeyink can help predict adsorption capacities based on influent urine 509 concentrations, which can vary ( Figure S13 ). Many other factors besides regeneration potential 510 and adsorption density will affect the cost of recovering nitrogen via ion exchange, including 511 other materials for producing cartridges and regeneration facilities, whether the adsorbents are 512 installed at individual toilets or at the building scale, the cost of regenerant, transport distances, 513 and the final fertilizer product quality and market value. Because the other factors are relatively 514 independent of adsorbent material, however, the simple analysis presented here is useful for 515 comparing adsorbents used in the same configuration, which was the overall objective of this 516 investigation. 517 518 3.9 Potential Implications for Urine Treatment 519 23 Characterization of four different ion exchange adsorbents has provided a proof-of-concept for 520 nitrogen recovery from source-separated urine via ion exchange. Once their adsorption capacity 521 is reached, natural adsorbents like clinoptilolite and biochar could be applied directly as 522 fertilizer, assuming pathogen concerns can be addressed. Alternatively, ammonium concentrate 523 could be produced by eluting ammonium from any adsorbent. The process modeling conducted 524 in this study can also be used to specify adsorption capacities and regeneration lifetimes required 525 for newly developed adsorbents to be cost effective for nitrogen recovery from urine. 526 527 Several process engineering questions are recommended for future research, including 528 optimizing elution of the ammonium to produce a concentrated solution that can feed into 529 fertilizer or other products, and how to combine ion exchange with other nutrient recovery 530 processes, like struvite precipitation. These questions are best investigated using column 531 operation. Additional post-treatment, such as pharmaceutical removal from the eluent or eluate, 532 or converting liquid fertilizer to solid, may be desirable and will affect process costs. 533 534 Ion exchange adsorbents could be employed in on-site or centralized wastewater treatment. A 535 decentralized scheme might involve a service provider that regularly collects and replaces 536 household cartridges and transports them to a centralized regeneration facility. Alternatively, 537 cation exchange adsorbents could be used and regenerated on-site at a central facility at which 538 source-separated urine is collected (by manual transport, such as high-density slums, or via 539 
